ABSTRACT The impingement of a submerged, liquid jet onto a cell-covered surface allows assessing cell attachment on surfaces in a straightforward and quantitative manner and in real time, yielding valuable information on cell adhesion. However, this approach is insufficiently characterized for reliable and routine use. In this work, we both model and measure the shear stress exerted by the jet on the impingement surface in the micrometer-domain, and subsequently correlate this to jet-induced cell detachment. The measured and numerically calculated shear stress data are in good agreement with each other, and with previously published values. Real-time monitoring of the cell detachment reveals the creation of a circular cell-free area upon jet impingement, with two successive detachment regimes: 1), a dynamic regime, during which the cell-free area grows as a function of both the maximum shear stress exerted by the jet and the jet diameter; followed by 2), a stationary regime, with no further evolution of the cell-free area. For the latter regime, which is relevant for cell adhesion strength assessment, a relationship between the jet Reynolds number, the cell-free area, and the cell adhesion strength is proposed. To illustrate the capability of the technique, the adhesion strength of HeLa cervical cancer cells is determined ((34 5 14) N/m 2 ). Real-time visualization of cell detachment in the dynamic regime shows that cells detach either cell-by-cell or by collectively (for which intact parts of the monolayer detach as cell sheets). This process is dictated by the cell monolayer density, with a typical threshold of (1.8 5 0.2) Â 10 9 cells/m 2 , above which the collective behavior is mostly observed. The jet impingement method presents great promises for the field of tissue engineering, as the influence of both the shear stress and the surface characteristics on cell adhesion can be systematically studied.
INTRODUCTION
In the rapidly developing field of tissue regeneration, tailoring surface properties (chemistry and structure) is of prime importance to optimize cell adhesion to scaffolds or neighbor cells (1) (2) (3) . For instance, cells covering the walls of engineered vascular implants need to be strongly anchored to withstand the shear force exerted by the blood, which is highly challenging especially for small vessels (4, 5) . Furthermore, cell migration relates to cell adhesion, so characterizing cell adhesion strength on a surface also yields key information on their migratory capability (6, 7) , which is essential to elucidate biological processes such as wound healing, or extravasation and intravasation in cancer biology. However, because of the limited availability of reliable and efficient measurement approaches, cell adhesion characteristics and their potential dependence on shear stress are receiving relatively scarce attention.
So far, a number of methods have been proposed to apply stress on cells. Contact methods (e.g., micromanipulation (8) , microcantilevers (9) , or atomic force microscopy (10)) have been used to study the dynamics of single cells or small clusters of cells. However, these methods require significant investment, and, because of the limited size of the scanned area, adhesion statistics for multiple cells are cumbersome to acquire. In alternative methods for quantitative investigation of larger cell-covered surfaces, a liquid flow is applied to exert a shear stress on the cells. In that category, the technique of liquid jetting (11) (12) (13) (14) (15) (16) (17) is particularly simple and reliable. Moreover, a single measurement allows assessing the cell response to a great range of shear stress values. Finally, the detachment process can be observed in real time, provided cells are grown on a transparent substrate. For all these reasons, jetting has been identified as the preferential method for adhesion strength measurement of biofilms (18) .
In the jet impingement technique, a steady liquid jet is ejected from a submerged tube impacting on a cell-covered surface (see Fig. 1 ), resulting in cell removal in a (growing) circular area centered around the jet axis. After a certain time, the size of the cleared area reaches a plateau, characterized by the maximum cleared radius (R max ). From this value and that of the flow-induced stresses, the adhesion strength of the cells can be calculated (12) . Despite its simplicity and widespread use (12) (13) (14) 16, 17) , the impinging-jet concept has not yet been thoroughly and satisfactorily characterized from a fluid mechanics point of view (18) . Specifically, key theoretical and numerical descriptions of the shear stress are only valid for high Reynolds numbers (19, 20) , and dedicated numerical work only provides the shear stress close to the jet exit (21, 22) , whereas conditions found experimentally lie in a broader range. Furthermore, the presence of a steady-state regime is key in studies in which the cleared radius is assessed only after jet impingement (13, 16, 17) . However, it is not clear whether and, if so, this regime is reached (12, 14) , which poses a reliability problem. Finally, cell-or biofilm removal during jet impact has received limited attention so far, although it would provide insight into adhesion and removal at high shear rates, as for example found in cleaning applications (23) .
In this work, we experimentally validate theoretical and numerical solutions of the jet-induced wall shear stress on the microscale, to expand our knowledge on the jetimpingement concept. Subsequently, a cell-covered surface is exposed to jet impingement, and the cell detachment characteristics are exploited to quantitatively determine the cell adhesion strength. Moreover, benefiting from the optical access provided by our device, cell detachment is monitored in real time. Time-resolved observations reveal that cells detach individually for low density of the cell monolayer, whereas collective detachment in the form of cell sheets is observed for high cell densities. The jet impingement method is compared with alternatives in the discussion section, and we find the method to be robust, versatile, and efficient for measuring cell detachment characteristics over a wide range of shear stresses, as for example observed in blood vessels or biofabrication.
MATERIALS AND METHODS

Shear stress determination
This subsection summarizes Glauert's theoretical description of the wall shear stress, followed by our numerical and experimental methods. All cases refer to the geometry of a submerged wall jet as illustrated in Fig. 1 . For theory and simulations, we assume that the fluid is of infinite depth, the flow is axially symmetric, and the length of the tube is infinite, while the side wall thickness is zero. The flow is assumed to be Newtonian, steady, laminar, and incompressible. For this configuration, Glauert (19) proposed an analytical similarity solution of the flow field including the wall shear stress t, given in the following:
with F ¼ ð1=8ÞU
jet the momentum flux of the incoming jet for a flat velocity profile, u the horizontal velocity, U cap the average flow velocity at the capillary exit, r the radial coordinate, r the liquid density, 2R jet the inner diameter of the capillary tube, and n the kinematic viscosity of the liquid. This solution is valid far from the origin and for high jet Reynolds numbers (Re [1), defined as Re jet ¼ 2U cap R jet / v. The wall shear stress diverges as r approaches the origin, where Eq. 1 no longer holds.
In our numerical simulations, the steady-state Navier-Stokes equations are solved using COMSOL Multiphysics (Comsol, Inc., Burlington, MA). The boundary conditions in the simulations are defined as follows, see Fig. 1 : along the exit plane of the capillary AB, a parabolic exit profile is used; along BC, there is no slip; at the outflow planes CD and DE, there is free outflow of fluid because p ¼ 0; along EF, there is no slip, and on the axis of symmetry AF, the symmetric boundary condition implies u(r ¼ 0, y) ¼ 0 and vv/vy ¼ 0. The size of the computational domain is 10 jet-diameters in width and height.
To measure the velocity field close to the surface, a bottom view microparticle image velocimetry (mPIV) setup is used (24) (for details, see 
Cell detachment experiments
Human cervical cancer cells (HeLa cells) are cultured in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% (v/v) fetal bovine serum, 2 mM L-glutamine, and 100 U/ml penicillin-streptomycin in an incubator, at 37 C with 5% CO 2 concentration. To prepare the samples, the cells are seeded in Ibidi chambers without any additional chemical treatment (IbiTreat 8-or 2-well m-slides, Ibidi, Martinsried, Germany) with a density of~12,000 cells/mm 2 , and they are kept in culture for 24 h before the experiments. Before beginning of the experiments, the monolayer is seen to be nearly confluent and cells are stained with calcein-acetoxymethyl ester (Invitrogen Life Technologies, Carlsbad, CA) according to the manufacturer's instructions. To assess the thickness and geometry of the monolayer, cell membranes are stained with wheat germ agglutinin (WGA-A555). Briefly, cells are fixed using paraformaldehyde (30 min, RT), washed twice with phosphate buffered saline (PBS), permeabilized with 0.1% Triton-100 (10 min, RT), washed again twice with PBS, before incubation with the staining agent (5 mg/mL). After thorough washing with PBS (three times), cells are imaged using a confocal microscope (Nikon A1, using a 561 nm excitation wavelength, Nikon, Tokyo, Japan). As shown in Fig. 2 , b and c , the monolayer exhibits a typical height of 15 mm.
The cell monolayer is exposed to a wall jet schematically represented in Fig. 2 a. Capillary tubes with inner diameters of 50, 100, or 250 mm and an outer diameter of 360 mm are aligned perpendicularly to the monolayer. The jetting liquid is PBS, which is continuously jetted at a fixed flow rate using a syringe pump (LC-20AP, Shimadzu, Kyoto, Japan). To ensure laminar flow, a jet Reynolds number below Re jet < 2300 is used. Automated image analysis is performed with MATLAB (The MathWorks, Natick, MA).
The cell detachment dynamics is monitored in real time from the bottom using a camera (D5100, Nikon) operated at 25 frames per second and an inverted microscope (Zeiss CFL40, Oberkochen, Germany). The magnification of the objective (5Â, 10Â, or 20Â, Olympus, Tokyo, Japan) is chosen to match the cleared radius of the cell layer. The cell layer is coaxially illuminated from below using a white light source (LS-M352, Sumita, SaitamaCity, Japan) and a filter set (Zeiss filter set 09) for fluorescent imaging of the calcein-stained cells.
RESULTS
Shear stress
Fig. 3 a shows our experimental and numerical results together with the analytical solution of Eq. 1, as already reported in (19) . The shear stress exhibits a maximum at a radial distance r z R jet , and strongly decays for larger diameters. Close to the origin, the large vertical velocity component results in a strong out-of-plane motion of the tracer particles. Therefore, the mPIV measurements are less reliable for r < R jet and are represented in low contrast in Fig. 3 a (see Supporting Material for details). For r > R jet , our experimental results agree well with the theory and simulations. It should be noted that the experimental errors are relatively large, which is attributable to uncertainties of the measurement height and averaging of the radial velocity over some radius increment. Fig. 3 b compares our results to Glauert's solution (Eq. 1) as well as with numerical work by Deshpande and Vaishnav (21) . Excellent agreement is found between our simulations and Glauert's theory, already for r T 1.5R jet . Similarly, the agreement between our simulations and the numerical solution proposed by Deshpande and Vaishnav (21) is good even if a small discrepancy is found, probably because of differences in the boundary conditions along CD and DE ( Fig. 1 ): we use free outflow boundary conditions with p ¼ 0, whereas Deshpande and Vaishnav (21) use constraints for the stream function and vorticity (which is not available in the COMSOL solver used in this study), to model the vanishing flow velocities far from the origin.
The main limitations of the current method are that the numerical results deviate from Glauert's result for r > 10R jet (see Supporting Material), and the rough cell monolayer that might influence the shear stress for a part of our measurements (see Supporting Material). In the rest of this article we use Glauert's solution to analyze cell detachment in far field (where the cell-free area exceeds 3R jet ), and our numerical results in the near field (where the peak shear stress is the key control parameter). (21) . The dotted line represents Glauert's theoretical solution (19) . To see this figure in color, go online.
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Cell detachment measurements Fig. 4 shows a time series of the cell monolayer removal due to the impinging jet. After starting the jet (at t ¼ 0 s), a growing cell-free area is observed. The well-defined edge of this area is assessed by automated image analysis and manually checked. A circle is fitted to the radial position where 50% cell detachment is observed. Repeating this procedure for each image subsequently provides the cleared radius as a function of time, as shown in Fig. 5 a. Initially, in the dynamic regime (I), the cleared radius is increasing. (Occasionally, some cells remain attached to the surface in the center of the cleared radius, where the shear stress is low (see Fig. 3 ). This corresponds to observations in (16) . However, as the cell diameter and the initial jet diameter are of similar size, the shear stress in the center cannot be uniquely defined. Therefore, this aspect was not included in the discussion.) All frames in Fig. 4 belong to this regime. After some time a stationary regime (II) is reached when no more cells are detached and the cleared radius reaches a plateau. To quantify the time-dependence of the radius of the cleared area R(t) and determine the time after which the stationary regime is reached, the individual data sets are fitted by the following expression:
where R max and t* represent the maximum cleared radius and the detachment timescale, respectively. Fig. 5 b shows the variations of the cleared radius as a function of time, after normalization by R max and t*, respectively. The temporal axis is plotted for t % 10t*, as the cleared radius does not increase any further at later times. The discrepancy between the fit and the measurements can be explained by the complex dependence of the shear stress on the radial position (as already discussed in the previous section). Nevertheless, Eq. 2 reasonably matches our data and directly provides the order of magnitude of the detachment time-and lengthscales (t* and R max , respectively). For example, a typical growth rate of R max /t* can be readily defined, and is discussed in the Supporting Material. Fig. 6 , where t* is plotted as a function of the Reynolds number and the jet diameter, indicates that t* < 2.5 s for all our measurements. Therefore, for the current control parameters, the steady state is always reached within 25 s.
Adhesion strength assessment Fig. 7 a represents the fraction of the remaining adherent cells as a function of the radial position in the stationary regime. All detachment takes place in a narrow radial region, which is consistent with Fig. 4 . To determine the cell adhesion strength, first the shear stress is determined as a function of the radial position, using Eq. 1. After this, the fraction of adherent cells as a function of the shear stress is plotted (see Fig. 7 b) . The cell adhesion strength, which is defined as the shear stress where 50% of the cells is detached from the surface (26) , where the error indicates the standard deviation. Interestingly, the detachment regime, as discussed in the next section and indicated with colors in Fig. 7 b, does not significantly affect the adhesion strength. Fig. 7 a indicates a strong dependence of the cleared radius on the Reynolds number (indicated with colors) and a weak influence of the jet radius (indicated by the markers). This is because of the radial dependence of the shear stress. By inserting t c back into Eq. 1, the cleared radius is theoretically derived as a function of the Reynolds number. The results are represented in Fig. 8 , as solid lines for each capillary diameter used. The indicated error bar is assumed from the uncertainty in t c , and it is comparable for the other capillary diameters. Overall, good agreement is found with our measurements for all capillary diameters, confirming that this method is robust with respect to the flow velocity and the capillary size, and it explains the strong Reynolds-number dependence of the cleared radius. Below a certain threshold Reynolds number, usually no cell detachment is observed (indicated by markers on the x axis of Fig. 8 ), because detachment is expected only if the maximum shear stress exerted by the flow (t max ) exceeds the cell detachment threshold t c . Therefore, determination of the threshold Reynolds number allows for independent determination of the shear stress. Because the Glauert solution does not provide the maximum shear stress, the numerical results are used to provide this parameter as a function of the Reynolds number, as shown in Fig. S3 . Equating this maximum shear stress to t c readily provides the critical Reynolds number below which no cell detachment is expected as Re jet;c ¼ Re jet ðt max ¼ t c Þ, or as in the following:
For the capillary diameters used in the present study, Re jet,c is indicated by the dashed lines in Fig. 8 . For Re R Re jet,c , cell detachment is expected, and it is always observed. No cell detachment is expected for Re % Re jet,c , as observed in the measurements with the 125 mm capillary tube. For smaller capillary tubes, a finite-area cleared radius below the threshold is observed. Here, the cell size is of the same order as R jet and h. Therefore, the cells may significantly influence the flow field, resulting in unexpected cell removal as observed. Altogether, the cell adhesion strength can be obtained from measuring either the fraction of adherent cells as a function of the radius (Fig. 7) or the threshold Reynolds number (dashed lines in Fig. 8 ) in the stationary regime (see previous subsection). The former method has the advantages that it also provides the distribution of the adhesion strength, that it is less susceptible to outliers, and that it is common practice already for radial flow chambers (26, 27) , and therefore is recommended for future measurements.
Cell detachment behavior in the dynamic regime
Next to the quantification of cell adhesion, the jet impingement device proves to be a powerful tool to monitor cell detachment in real time. Specifically, the existence of two distinct detachment processes is revealed: either after cellby-cell removal (or single-cell detachment), as illustrated in Figs. 4 and 9 , or removal of cell sheets (or collective detachment), as illustrated in Fig. 10 . The cell-by-cell removal mechanism (Fig. 9) is mostly found for nonconfluent monolayers, where cells adhere separately on the surface without establishing any cell-cell contact. In that configuration, cell adhesion is solely governed by the interactions between the cells and the surface. These interactions are expected to be weak because no dedicated coating (e.g., fibronectin or any other extracellular matrix protein) is applied before experiments (7, 27, 28) .
In other experiments or in some areas in the culture dish, cells form a more tight and confluent monolayer, where they are likely to develop not only cell-substrate interactions but also cell-cell contacts. In general, such a dense configuration would be observed if cells are given more time to adhere and proliferate on the surface, or if a higher cell density is employed upon seeding (7, (27) (28) (29) . In our experiments, these parameters (cell seeding density and time between cell seeding and detachment experiments) are kept constant, but both configurations (single-cell adhesion or monolayer formation) are concomitantly observed. In terms of cell detachment, dense monolayers give rise to another removal process, where entire sheets of cells are detached, or collective detachment (Fig. 10) , as already observed by others (27) . Because the cells retain their green fluorescence during detachment (see Fig. 10 ), it is assumed that the cell membranes remain intact, that cells are entirely removed from the surface, and that they remain viable.
These observations and previous reports (27) suggest that the cell density governs the threshold between the single-cell detachment regime and the sheet detachment regime. In Fig. 11 the detachment regime is plotted as a function of the cell density, the Reynolds number, and the capillary diameter. For cell densities exceeding (1.8 5 0.2) Â 10 9 cells/m 2 (indicated by the dashed line in Fig. 11 ), sheet detachment is consistently observed. In other words, at higher densities cell-cell interactions seem to be dominant in comparison with cell-substrate interactions (to elucidate cell-cell interactions, we stained the monolayer as discussed in the Supporting Material). This is to be expected, because protein-protein interactions between the cells are stronger than those established with the substrate, which are purely electrostatic here because no dedicated coating is applied.
Finally, in some experiments in the single-cell detachment regime, a gradual decrease in the intensity of the fluorescent marker loaded in the cells before experiments (calcein). (See circled cells in Fig. 9 .) This seems to indicate that the shear stress exerted on the cells gives rise to poration of the cell membrane, leading to progressive release of calcein out of the cells and occasional cell death at the edge of the cleared area (see Fig. S8 ). Vice versa, membrane poration can be used for medicine delivery into cells, as achieved by cavitation bubble implosion next to a cell monolayer (20, 30, 31) . Therefore, our results indicate that shear-induced medicine delivery could be an interesting application of the jet impingement method. t t = 0s 0.04s 0.08s 
DISCUSSION
When comparing the currently employed jet-impingement concept with alternative flow-based methods to assess cell adhesion characteristics, it appears that the key difference lies in the temporal and spatial homogeneity of the shear stress exerted to the cells. The most spatially and temporally homogeneous flows are found in a Taylor-Couette setup (32), a cone-and-plate shearing apparatus (33), or microfluidic devices (34, 35) . In such devices, all cells can be exposed to an equal shear stress, which means that individual measurements are required for each shear stress value. Therefore, these approaches are primarily interesting if a homogeneous shear stress is required. Temporally homogeneous but spatially inhomogeneous flows are provided by the herein presented impinging-jet method, microfluidic flow chambers, or radial flow chambers (23, 26, 27, 36, 37) . Whereas a radial flow chamber has a top plate at a fixed position from the cell-covered wall (which confines the flow), the jet-impingement device has a free surface. In both devices a liquid jet impacts on the surface, and decreasing shear stress values are found for increasing radial positions, so that the cell response to a large range of shear stresses can be studied in a fast and reproducible manner, and for large numbers of cells. Alternatively, temporally and spatially inhomogeneous shear stresses are observed in cavitation bubble implosion (20, 30, 38, 39) , which causes the impact of a jet on the surface. However, the duration of this jet is limited to a timescale in the ms-range, and it has a characteristic impact velocity of~100 m/s. Therefore, cavitation bubble implosion is primarily suitable for assessment of the influence of shear pulses on the cells (40) , to study, for example, jet-induced drug delivery (38) . The closely related methods of jet impingement and radial flow chambers, however, exhibit major differences. For instance, we consistently observe an expanding, roughly circular cell-free area in our experiments (Fig. 4) , with a relatively sharp and well-defined border between the monolayer and the cell-free area. This pattern deviates from the gradual cell removal reported in radial flow chambers (26) , which can be explained by the different flow geometries. In the impinging jet method, the shear stress decays much faster (scaling as t~r À11/4 ) than in the radial flowcell geometry (where t decays as t~r À1 ). When assuming a similar band-width of detachment shear stresses (see Fig. 7 b) , our flow profile naturally results in a narrow detachment region. Another key difference is the earlier onset of the validity of the analytical solution describing the shear stress for known Reynolds numbers (microjet: r > 2R jet for Re ¼ 100; radial flow chamber: r > 4R jet (26) ). Therefore, the jet-impingement technique is more appropriate if high shear rates must be tested, as encountered for example in cleaning applications (23) . Finally, all elements composing the jet impingement setup are commercially available and the setup can be constructed in a few hours, whereas other flow systems are usually custommade. For all these reasons, the jet impingement concept is particularly attractive for routine study of cell detachment.
We envision that the jet impingement approach could be applied as a screening methodology to identify optimal surface properties in the field of tissue regeneration by systematically characterizing the cell adhesion strength on a great variety of surfaces. Of particular interest is the evaluation of cell adhesion strength under continuous flow conditions, as found for instance in engineered vascular implant (4, 5) . Typically, cell delamination is observed after a period of time, because of the shear stress exerted by the blood stream. As a consequence, engineering of vascular implants with diameters below 6 mm remains challenging, although of key importance for treatment of cardiovascular diseases (41, 42) . Because the herein proposed approach allows testing a wide range of shear stress conditions in one single experiment, it would help optimizing surface properties for cell adhesion, and eventually decrease the diameter of the synthetic implants.
An interesting and unexpected result is that cells can detach collectively to yield cell sheets upon exposure to the jet (43) , provided the initial monolayer is dense enough and cell-cell junctions are established. It would be of great interest to further study this phenomenon, as current technologies for cell sheet detachment are relatively slow (43, 44) or require highly sophisticated surfaces (45) . For instance, one could vary the surface properties for instance to limit cell adhesion and strengthen cell-cell interactions for the release of large sheets of viable cells that could subsequently be utilized to form microtissues using a layer-bylayer assembly approach. For that particular application, cell viability after exposure to the jet should be carefully be examined, an aspect that has not been examined in detail in this study because, after their release, the cell sheets could not be tracked in solution.
CONCLUSIONS
Microjet impingement provides a simple and reliable concept for cell adhesion strength measurements and realtime observations of the detaching cells. We characterize the flow experimentally and numerically, measure the cell adhesion strength, and visualize cell detachment in realtime view to study different cell detachment regimes.
We report both measurements and numerical simulations of the shear stress exerted by jet impingement. To our best knowledge, the micrometer-domain is experimentally assessed for the first time. For high Reynolds numbers and far from the symmetry axis, the solution proposed by Glauert (19) is confirmed. This solution is particularly valid as close as r > 2R jet . For low Reynolds numbers and close to the origin, our numerical model agrees to and extends previously reported numerical results (21, 22) .
Real-time observations of the cell monolayer detachment reveal first a dynamic regime, in which the cell-free area continuously increases, followed by a stationary regime where no more cells are detached. The radius of the cell-free area as a function of time R(t) is fitted as R(t) ¼ R max (1 À e Àt/t *), where t* represents the timescale for the dynamic regime and R max describes the final radius. The stationary regime allows determining the cell adhesion strength, for which procedure guidelines for consistent and reliable measurements are proposed. As an illustration, the adhesion strength of HeLa cells is derived. In the dynamic regime, real-time visualization of the monolayer reveals two characteristic detachment regimes: single-cell detachment for low-density monolayers and sheet or collective detachment for more dense monolayers. The threshold cell density between these two regimes is assessed to be (1.8 5 0.2) Â 10 9 cells/m 2 and is independent of the Reynolds number.
The jet impingement technique opens new avenues in the field of tissue regeneration, not only to measure cell adhesion strength toward optimization of biomaterial properties, but also as a tool to produce cell sheets that can be used to generate microtissues in a controlled self-assembly approach.
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